technologies, San Diego, Calif. The sequence of the ISS-ODN was 5Ј-TGACT GTGAACGTTCGAGATGA-3Ј. The sequence of the mutated-ODN (M-ODN) was 5Ј-TGACTGTGAAGGTTAGAGATGA-3Ј (underlining indicates immunostimulatory sequences [ISS] ). We used 10 g of ISS-ODN or M-ODN per ml unless otherwise noted. L-Tryptophan (L-Try) was obtained from Gibco BRL (Grand Island, N.Y.) and Dulbecco's modified Eagle's medium (DMEM) was supplemented with L-Try for a final concentration of 66 g/ml. 1-Methyl-DLtryptophan (M-Try) was purchased from Aldrich Chemicals (Milwaukee, Wis.). Anti-CD3, anti-CD28, anti-CD4, and anti-CD8 monoclonal antibodies as well as monensin and murine recombinant IFN-␥ were purchased from BD Pharmingen (San Diego, Calif.). Abbott Laboratories (Abbott Park, Ill.) kindly provided CLA.
Culture of M. avium and CFU assay. M. avium strain I13 isolated from an AIDS patient at University of California, San Diego (34) , was used in all experiments. Bacteria were cultured as described previously (21) . The numbers of CFU in a sample were determined by colony counting as described previously (39) .
Preparation of murine macrophages and isolation of human monocytes. Murine bone marrow-derived macrophages (mBMDMs) were prepared from mouse bone marrow using L-cell conditioned medium, as described previously (32) . Human monocytes were isolated from normal human buffy coats obtained from the San Diego Blood Bank by Ficoll-Hypaque and Percoll gradient centrifugation (21) and then cultured in Teflon beakers for 7 days to yield mature human monocyte-derived macrophages (hMDMs).
M. avium infection of macrophages in vitro.
To study the protective effect of ISS-ODN treatment before infection, 5 ϫ 10 4 mBMDMs or hMDMs were treated with ISS-ODN for 3 days before infection. Macrophages treated with M-ODN or with medium alone served as controls. After 3 days, the cells were infected for 2 h with M. avium at a macrophage/bacterium ratio of 2:1 for mBMDMs or 1:10 for hMDMs and subsequently cultured in fresh medium without antibiotics. To examine attachment and/or invasion of M. avium, the macrophages were lysed immediately after washing, and the number of bacteria was enumerated by the CFU assay. Intracellular growth of M. avium was determined on days 1, 3, and 7 after infection. To account for all of the mycobacteria in each well, corresponding lysates were combined with the culture media, and then the number of CFU was determined. To examine the efficacy of antimycobacterial treatments, CFU recovered from cells treated with medium alone was considered as 100% growth.
To determine whether treatment with ISS-ODN after infection alters M. avium growth, adherent cells were first infected with M. avium for 2 h and then cultured with fresh medium containing ISS-ODN. Infected cells treated with M-ODN or medium alone served as controls. At day 7, intracellular growth of M. avium was assessed by the CFU assay.
M. avium infection of mice in vivo. To study the effect of treatment with ISS-ODN before infection, mice were injected intradermally (i.d.)with ISS-ODN (50 or 100 g/mouse) 3 days before infection, while control mice received phosphate-buffered saline (PBS). In the preliminary experiments, the numbers of CFU in the spleen and lungs were similar in the M-ODN-treated mice and control (PBS treated) mice 4 weeks after infection, but were significantly higher than those in the ISS-ODN-treated mice (by 2 logs in spleen and 1 log in lungs, respectively). Therefore, treatment with M-ODN was excluded in this set of experiments. All mice were infected intravenously (i.v.) with M. avium (10 7 / mouse). At 2, 4, and 6 weeks after infection, the mice were sacrificed, and the spleen, liver, and lungs from each mouse were collected and weighed. A section of each organ was homogenized with 0.25% sodium dodecyl sulfate (SDS) in PBS. The number of CFU in the tissue homogenates was determined by the CFU assay, and the results were expressed as CFU per organ.
To study the effect of ISS-ODN when combined with CLA in vivo, 25 mice were injected with M. avium (10 7 /mouse). One week after infection, treatment with either ISS-ODN or M-ODN and CLA was initiated. Mice were divided into five treatment groups (n ϭ 5 per group): group 1, no treatment; group 2, ISS-ODN alone; group 3, CLA alone; group 4, CLA and ISS-ODN; and group 5, CLA and M-ODN. CLA (200 mg/kg of body weight) was administered intraperitoneally three times a week for 4 weeks as described previously (13) , and bacterial growth in the spleen, liver, and lungs was determined.
Detection of intracellular IFN-␥ by FACS and IFN-␥ secretion by ELISA. Mice were injected i.d. with ISS-ODN (50 g/mouse). The control mice received M-ODN (50 g/mouse) or PBS. All mice were infected with 10 7 M. avium cells. Three weeks after infection, the mice were sacrificed, and splenocytes from mice receiving the same treatment were pooled. Intracellular cytokine staining was performed with the Cytofix/Cytoperm kit (BD Pharmingen) according to the manufacturer's instructions. Briefly, the splenocytes were stimulated with anti-CD3 and anti-CD28 activating antibodies in the presence of monensin to allow intracellular IFN-␥ to accumulate for 6 h. Next, the cells were stained for surface CD4 and CD8 and fixed, and the plasma membranes were permeabilized, allowing for intracellular staining with anti-IFN-␥. The cells were analyzed by fluorescence-activated cell sorting (FACS) with a FACSCalibur flow cytometer (Becton Dickinson). To study IFN-␥ secretion, splenocytes were incubated with anti-CD3 and anti-CD-28 antibodies or M. avium sonicates (20) as antigens in vitro for 24 h, and then the supernatant was assayed for IFN-␥ secretion by enzyme-linked immunosorbent assay (ELISA) as previously described (32) .
RNA extraction, RT-PCR, and IDO activity assay. mBMDMs (2 ϫ 10 6 ) were treated with ISS-ODN or M-ODN. After 3 days, the cells were infected with M. avium for 2 h. At 2, 24, and 48 h after infection, the M. avium-infected macrophages were lysed, and total RNA was isolated by using the Trizol reagent (Gibco BRL). The induction of IDO gene transcription was measured by semiquantitative reverse transcription-PCR (RT-PCR). First-strand cDNA preparation and PCR amplification were carried out with the SuperScript Pre-amplification System (Gibco BRL) and AdvanTaq Plus DNA polymerase (Clontech, San Francisco, Calif.), respectively. PCR products were visualized by electrophoresis on 2% agarose gels. The primer sequences used were as follows: IDO, 5Ј-TTATGCAGACTGTGTCCTGGCAAA-3Ј and 5Ј-TTTCCAGCCAGACAG ATATATGCG-3Ј; and glucose-3-phosphate dehydrogenase (G3PDH), 5Ј-ACC ACAGTCCATGCCATCAC-3Ј and 5Ј-TCCACCACCCTGTTGCTGTA-3Ј.
Histological examination. Tissue sections of the spleen collected from the experimental and control mice were fixed overnight in 10% buffered formalin at room temperature and then embedded in paraffin. The paraffin-embedded tissue was further sectioned (5-m thickness) and stained with hematoxylin-eosin. The sections were observed under an Olympus microscope. At least three sections of each organ from each of the experimental and control mice were evaluated.
Statistical analysis. Results are expressed as means Ϯ standard deviations (SD), and statistical differences were determined with the nonpaired Student's t test (two-tailed distribution). A P value below 0.05 is considered to be statistically significant.
RESULTS
Treatment with ISS-ODN inhibits the growth of M. avium in vitro. M. avium is able to infect and replicate in macrophages (14) . We performed the following studies to address whether ISS-ODN-induced activation of macrophages in vitro inhibits intracellular growth of M. avium.
(i) Treatment prior to infection. To examine whether treatment with ISS-ODN can stimulate macrophages to inhibit the growth of M. avium, mBMDMs were first treated with ISS-ODN or M-ODN (3, 10, and 30 g/ml) for 72 h and then infected with M. avium. The number of CFU was counted on days 1, 3, and 7 postinfection (Fig. 1A) . By day 7, treatment with ISS-ODN inhibited intracellular growth of M. avium in mBMDMs by 80% (P Ͻ 0.001). No significant difference in M. avium growth was seen among the different concentrations of ISS-ODN tested. Since viability of macrophages can affect M. avium growth, we assessed the viability of macrophages by trypan blue exclusion. At day 7 after infection, mBMDMs treated with ISS-ODN, M-ODN, or medium alone were all Ͼ90% viable. The experiments were terminated at day 7 after infection, since the viability of mBMDMs began to decline from this point on.
ISS-ODN activates macrophages and induces the expression of surface adhesion molecules such as ICAM-1 (32) . These molecules may affect the attachment of M. avium or its invasion into mBMDMs. In order to determine whether the ability of ISS-ODN to inhibit M. avium growth is due to alterations in M. avium invasion, the ability of ISS-ODN to influence the number of bacteria that attached to and invaded mBMDMs after incubation with M. avium was examined. The number of CFU recovered immediately from cells treated with ISS-ODN before infection was not significantly different from the num- (Fig. 1B) .
ISS-ODN transiently inhibits the growth of M. avium in vivo.
To determine whether ISS-ODN can enhance resistance to M. avium infection in vivo, mice were treated with ISS-ODN and infected i.v. 3 days later with 10 7 organisms per mouse. In a preliminary experiment, bacterial growth in spleen and lung from mice treated with 50 g of ISS-ODN was similar to bacterial growth in mice treated with 100 g of ISS-ODN 4 weeks after infection (data not shown). Therefore, we used 50 g of ISS-ODN per mouse for the in vivo experiment. At 2, 4, and 6 weeks after infection, the number of CFU was determined in the spleen, lungs, and liver. Based on the preliminary experiments, which demonstrated no differences in colony counts among the ISS-ODN, M-ODN, or control mice at 6 versus 8 weeks postinfection, all future experiments were terminated at 6 weeks postinfection.
At week 2, the lungs of M. avium-infected mice treated with ISS-ODN prior to infection contained a significantly lower number of viable bacteria compared to control PBS-treated mice (P Ͻ 0.05) ( Fig. 2A ). In addition, mice treated with ISS-ODN prior to M. avium infection had nearly 2 logs fewer bacteria in the spleen at 4 weeks (P Ͻ 0.05) compared to the PBS-treated mice (Fig. 2B) . By 6 weeks, however, the numbers of splenic CFU were similar in control and ISS-ODN groups. There was no significant difference in the mycobacterial loads in the liver of mice treated with ISS-ODN prior to infection compared to those of PBS-treated mice at any of these time points (Fig. 2C ). Thus, a single injection of ISS-ODN significantly reduced the mycobacterial growth in the spleen and lungs, but not in the liver of M. avium-infected mice. This protective effect was transient and was most apparent at 2 and 4 weeks after a single administration of ISS-ODN.
Although treatment with ISS-ODN after infection inhibited M. avium growth in vitro, there was no difference in the mycobacterial counts in spleen and liver at any time point observed when we used ISS-ODN 1 week after infection in vivo. Overall, ISS-ODN significantly reduces the growth of M. avium when ISS-ODN was used in a preventive mode, but not when used in a therapeutic mode. Fig. 1) and that the protective effect observed in ISS-ODN-treated mice is transient ( Fig. 2) suggests a T-cell-independent mechanism of protection via innate immunity. To further investigate the potential role of adaptive immunity in this model of ISS-ODNmediated protection against M. avium, mice were treated with ISS-ODN or M-ODN (50 g/mouse) and infected with 10 7 organisms/mouse, and then their T-cell response was evaluated. The mice were sacrificed at 3 weeks postinfection, and the spenocytes were restimulated with anti-CD3 and anti-CD28 antibodies or M. avium sonicates to amplify the response from preexisting memory and activated T cells. T cells were then examined for their production of IFN-␥. FACS-based intracellular cytokine staining was used to determine the frequencies of IFN-␥-producing CD4 ϩ (Fig. 3A , B, and C) and CD8 ϩ (Fig. 3B) T cells, while the total quantity of IFN-␥ secreted by splenocytes was determined by ELISA (data not shown). There was a dramatic increase in the IFN-␥ response of the CD4 ϩ T cells in the infected versus uninfected animals, demonstrating that the observed Th1 response is infection specific. However, treatment of M. avium-infected mice with ISS-ODN did not further increase the frequency of IFN-␥-positive CD4 ϩ or CD8 ϩ T cells. In addition, treatment with ISS-ODN did not enhance the IFN-␥ secretion by splenocytes, which were restimulated by anti-CD3 and anti-CD28 antibodies or M. avium sonicates, compared to M-ODN treatment (data not shown). These data, combined with the observation that ISS-ODN protects isolated macrophages in vitro ( Fig. 1) and that the protective effect observed in ISS-ODN-treated mice is transient (Fig. 2) , suggest that it is unlikely T-celldependent immunity plays a role in the antimycobacterial effect of ISS-ODN during early stages of infection.
ISS-ODN protection in vivo is not mediated through augmentation of the T-cell response. The observation that ISS-ODN protects isolated macrophages in vitro (
ISS-ODN inhibition of M. avium growth in macrophages is independent of iNOS, NAPDH oxidase, IL-12, TNF-␣, IFN-␣/␤, and IFN-␥. To further investigate the mechanisms of the antimycobacterial effects of ISS-ODN, mice with targeted disruptions of genes known to play roles in M. avium infection were used. Oxygen radicals generated by NADPH oxidase and induction of nitric oxide (NO) by iNOS result in antimicrobial activity against many microorganisms (16, 35) . IL-12, TNF-␣, and IFN-␥ play important roles in the clearance of M. avium (2, 13, 26) . Furthermore, macrophages produce IL-12, TNF-␣, and IFN-␣/␤ in response to ISS-ODN treatment (25, 44) . To study the role of these molecules in the antimycobacterial effect of ISS-ODN, mBMDMs from NADPH oxidase
, and IFN-␥R Ϫ/Ϫ mice were treated with ISS-ODN for 3 days and then infected with M. avium. ISS-ODN inhibited the intracellular growth of M. avium in mBMDMs from these knockout mice by 60 to 85% (P Ͻ 0.05), similar to wild-type mice (Table 1) . These results indicate that these gene products (e.g., nitrogen intermediates, oxygen radicals, TNF-␣, etc.) are not central to the antimycobacterial effect induced by ISS-ODN in vitro.
Induction of IDO contributes to the antimycobacterial activity of ISS-ODN. Macrophages orchestrate the activation of innate immunity to directly attack an invading pathogen by secreting a battery of cytokines, expressing costimulatory molecules, and generating free radicals. However, macrophages also employ effector mechanisms to deny the pathogens required substrates for their growth. One such example is the depletion of tryptophan due to the induction of IDO. IDO is (Fig. 4A) . Injection of M-ODN did not result in any detectable induction of IDO (data not shown). For in vitro studies, mBMDMs were treated with ISS-ODN for 3 days prior to M. avium infection. Cells were then lysed at 4, 8, and 24 h after infection, total RNA was extracted, and semiquantitative RT-PCR was performed. We found that optimal induction of IDO gene transcription required both treatments with ISS-ODN and M. avium infection (Fig. 4B) .
In order to further investigate the role of IDO in the inhibition of M. avium growth, mBMDMs were cultured with the IDO inhibitor M-Try (125 M) or with excess L-Try (final concentration, 66 g/ml) as previously described (23, 36) . Addition of L-Try or M-Try alone at these concentrations did not alter the viability of mBMDMs or M. avium growth in mBMDMs (data not shown). However, when the M. aviuminfected cells were cultured with L-Try or M-Try-supplemented medium, fourfold reductions in the antimycobacterial ability of ISS-ODN treatment were observed (P Ͻ 0.05) (Fig. 4C) . Taken together, these data suggest that IDO plays a role in the observed antimycobacterial properties of ISS-ODN.
ISS-ODN is an adjunct to antimycobacterial therapy with CLA. Treatment of M. avium infection by conventional chemotherapy is difficult and requires prolonged administration (8, 33) . In in vivo experiments, ISS-ODN did not affect the colony counts when administered in an established infection. Therefore, we hypothesized that coadministration of ISS-ODN along with a chemotherapeutic agent such as CLA may further enhance mycobacterial clearance.
mBMDMs were first infected with M. avium and then treated with CLA (0.1 g/ml) in the presence or absence of ISS-ODN (10 g/ml) or M-ODN (10 g/ml), and M. avium growth in vitro was determined 7 days after infection. ISS-ODN and CLA (0.1 g/ml), when used individually, reduced bacterial growth in mBMDMs by 68 and 84%, respectively (P Ͻ 0.01; Fig. 5A ). When ISS-ODN was used together with CLA, bacterial counts were further reduced (95%, P Ͻ 0.01) compared to medium alone (Fig. 5A ).
C57BL/6 mice were infected intravenously with M. avium (10 7 CFU) and treated with a combination of ISS-ODN (50 g/mouse) and/or CLA (200 mg/kg of body weight) 1 week after infection. Mice were sacrificed 5 weeks after infection, and the number of CFU was counted in the spleen, liver, and lungs. Figure 5 shows representative data of one of two experiments performed. Treatment with CLA alone decreased bacterial growth in the lungs (1.5-log reduction, Fig. 5B ), spleen (3.5-log reduction, Fig. 5C ), and liver (4-log reduction, Fig.  5D ) In this therapeutic model, ISS-ODN alone did not inhibit the growth of M. avium. However, when ISS-ODN was combined with CLA, there was a further reduction of bacterial counts, particularly in the lungs (3-log reduction, P Ͻ 0.01, Fig.  5B to D) and in the spleen (2-log reduction, P Ͻ 0.01, Fig. 5B ). Despite the fact that treatment with ISS-ODN postinfection did not affect the course of the infection in vivo, these findings suggest that ISS-ODN can enhance the therapeutic efficacy of CLA in the setting of established M. avium infection. Tissue sections from spleen fixed and stained with hematoxylin-eosin showed that the white pulp from M. avium-infected mice treated with PBS was replaced with granulomas. The spleen sections from infected mice treated with CLA showed fewer granulomas with smaller sizes compared to the infected mice treated with PBS. The sections from infected mice treated with ISS-ODN alone or CLA plus ISS-ODN showed even smaller granulomas in the white pulp and increased mononuclear cells in the red pulp compared to those in the infected mice treated with PBS or CLA alone, respectively.
ISS-ODN inhibits M. avium growth in human macrophages in vitro.
To study the relevance of the antimycobacterial effects of ISS-ODN in humans, hMDMs were treated with ISS-ODN or M-ODN (3, 10, and 30 g/ml) for 3 days and then infected with M. avium. There was maximal inhibition of M. avium growth at 3 g of ISS-ODN per ml (Fig. 6A) with no further increase in inhibition at the higher concentrations (data not shown). At 7 days postinfection, treatment with ISS-ODN inhibited intracellular growth of M. avium by 91% (Fig. 6A, (Fig. 6B) . When infected cells were treated with ISS-ODN together with CLA (0.1 g/ml), M. avium growth was further inhibited up to 99% (P Ͻ 0.01), compared to medium alone (Fig. 6B ). These findings indicate that ISS-ODN can provide a significant antimycobacterial effect in human macrophages as well as in the mouse model.
DISCUSSION
This study demonstrates that ISS-ODN augments host resistance against M. avium infection and that the induction of IDO plays an important role in this effect. Furthermore, ISS-ODN synergizes with the chemotherapeutic drug CLA to further promote mycobacterial clearance. These data support recent reports showing that administration of ISS-ODN provides protection against the intracellular pathogens Listeria monocytogenes (27) , Leishmania major (51) , and Francisella tularensis (15) . Studies with L. monocytogenes showed that injection of mice with Escherichia coli DNA or ISS-ODN resulted in a much lower bacterial burden in the spleen and liver (27) . Similarly, ISS-ODN conferred a protective immunity against primary infection and resistance to secondary infection with L. major (51) . This antimicrobial activity was attributed mainly to ISS-ODN-induced release of cytokines such as IL-12 and to the subsequent induction of a protective Th1 and/or CTL response. Indeed, administration of exogenous IL-12 or IFN-␥, which are induced by ISS-ODN, increases protection against L. major (51).
Our study suggests that ISS-ODN-induced resistance to M. avium infection does not act via augmentation of the adaptive T-cell response. First, the in vitro studies showed that treatment with ISS-ODN enhanced the ability of macrophages to resist M. avium growth despite the absence of T cells (Fig. 1) . Second, ISS-ODN-induced resistance to M. avium in vivo decayed by 6 weeks, at which point ISS-ODN-treated mice had the same mycobacterial burden as control, PBS-treated mice (Fig. 2) . The induction of a protective antimycobacterial T-cell response would be expected to provide a long-lasting antimycobacterial effect, rather than the transient protective effect observed in our experiments. Third, our data showed that T cells from ISS-treated, M. avium-infected mice did not display any increased infection-specific IFN-␥ response over untreated mice upon restimulation in vitro (Fig. 3) , indicating that ISS-ODN treatment of M. avium-infected mice does not enhance the anti-M. avium T-cell response in these animals. This finding is supported by the observation by Doherty and Sher (12) that the absence of cell-mediated immunity affects pathogen growth only in the chronic stage of M. avium infection in T-cell-deficient mice (BL/scid).
To further investigate the possible factors for the antimycobacterial effects of ISS-ODN, we used mice with targeted disruptions of genes known to play protective roles against M. avium infection in other systems (Table 1) . ISS-ODN induces reactive oxygen species in murine B cells and monocytes (54) . However, oxygen radicals and NO did not appear to play a role in the observed ISS-ODN-mediated growth inhibition of M. avium in mBMDMs. These findings are consistent with previous reports in which certain strains of M. avium are resistant to the bactericidal effect of NO or other oxygen radicals (1, 5) , despite the fact that reactive radicals show antimicrobial activity against many microorganisms (16, 35) . In addition, ISS-ODN-induced cytokines such as TNF-␣, IL-12, and IFNs did not play significant roles in the ISS-ODN-mediated antimycobacterial effect.
The reduced M. avium growth in the lung and spleen but the unaffected M. avium growth in the liver (Fig. 2 ) led us to search for an organ-specific inducible factor with antimicrobial effects. IDO is such a factor. IDO is induced by IFNs (18) , and induction of this enzyme is required to prevent rejection of the allogeneic fetus by maternal T cells (37) . IDO also inhibits the growth of a variety of intracellular organisms, such as Toxoplasma gondi (41) , Plasmodium berghe (in a murine model of malaria [46] ), Chlamydia psittaci (7), and Chlamydia trachomatis (4), by breaking down L-Try, which is required for their growth, to L-kynurenine. Furthermore, in vivo ISS-ODN administration induced organ-specific IDO gene expression. As shown in Fig. 4 , the induction of IDO was observed in the spleen and lungs, but not in the liver of ISS-ODN-injected mice, which agrees with the observed pattern of M. avium inhibition in vivo (Fig. 2) . Although mycobacteria are able to synthesize all amino acids required for their growth, including tryptophan (43), the inhibition of M. avium growth is likely due to the combined result of reduced tryptophan availability and increased levels of the toxic metabolites L-kynurenine, anthranilic acid, quinolinic acid, and picolinic acid (40) . Indeed, as shown in Fig. 4 , the depletion of tryptophan is not the sole mechanism responsible for the antimycobacterial effect of ISS-ODN, since repletion of L-Try or addition of an IDO inhibitor, M-Try, did not fully restore M. avium growth. Another mechanism by which ISS-ODN inhibits M. avium growth may be the enhancement of CD40 expression by ISS-ODN (32), which could result in enhanced CD40-CD40 ligand binding. We have previously shown that CD40-CD40 ligand signaling results in the inhibition of the intracellular growth of M. avium (21) . Further study is necessary to determine whether other factors or mechanisms are involved in the antimycobacterial effect of ISS-ODN in vivo.
ISS-ODN was initially identified in mycobacterial genomes (50) , and it is well known that mycobacterial DNA is immunostimulatory. This raises a question: why is it that the M. avium genomic DNA contained within infected cells such as macrophages does not facilitate the clearance or inhibit the growth of this intracellular pathogen? A potential explanation for this paradox may lie in the recent observation that agents such as chloroquine (31) , which inhibits the acidification of lysosomes, neutralize the immunostimulatory effects of ISS-ODN. Interestingly, mycobacteria also inhibit the generation of low pH in the lysosomes (49) . Therefore, neutralization of the acidic environment of the lysosome may protect M. avium both directly, by avoiding digestion, and indirectly, by blocking the detection of its own immunostimulatory genomic DNA by the host cell.
The antimycobacterial effect of ISS-ODN in vivo on established M. avium infection is less than its effect when used prior to infection, while ISS-ODN significantly inhibits M. avium growth in vitro (Fig. 1B) . In vivo, M. avium delivered i.v. can infect different macrophage populations, such as splenic macrophages, alveolar macrophages, and peritoneal macrophages. Peripheral macrophage populations have been shown to ex-hibit distinct functional phenotypes, including cytokine production, response to immunomodulatory stimuli, and clearance of pathogens (reviewed in reference 45). Gangadharam and Pratt reported that alveolar macrophages and peritoneal macrophages have the distinct ability to ingest and control the multiplication of Mycobacterium cells (19) . Alveolar macrophages are known to release more nitrate than peritoneal macrophages when exposed to LPS and IFN-␥ in C3H/HeJ mice (52) . Indeed, in our preliminary study, alveolar macrophages, splenic macrophages, and BMDMs show unique individual patterns of cytokine secretion induced by ISS-ODN (data not shown). It is likely that various macrophage populations behave differently in response to ISS-ODN and M. avium infection.
Although treatment of macrophages with ISS-ODN inhibited M. avium growth in vitro, in vivo administration of ISS-ODN alone to mice with an established M. avium infection had no protective effect (Fig. 5B) . However, when ISS-ODN was used together with CLA, there was a synergistic anti-M. avium therapeutic effect in mouse and human macrophages in vitro. This synergism might be due to more effective protein synthesis inhibition. CLA inhibits protein synthesis by binding to the 50S ribosome, while IDO induced by ISS-ODN interferes with protein synthesis by depletion of tryptophan. In in vivo experiments, ISS-ODN plus CLA showed a significant though modest synergistic therapeutic effect. Additional work is required with different doses and timing of ISS-ODN administration in order to optimize combined therapy as an alternate regimen in the treatment of established M. avium infection.
In summary, this study demonstrates that administration of ISS-ODN enhances resistance against M. avium infection through the induction of IDO. ISS-ODN itself provides limited protection against M. avium. However, this effect can be amplified upon codelivery with an antimycobacterial drug. The combined administration of ISS-ODN with other antibiotics or other antimicrobial agents provides a novel therapeutic strategy for microbial infections and warrants further investigation.
